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Strained NaNbO3 films of different thicknesses are epitaxially grown on (110) NdGaO3 substrates. A detailed
analysis of the permittivity of these films demonstrates that strain not only leads to a modification of the
permittivity and the ferroelectric transition temperature, it also results in a pronounced relaxor-type behavior and
allows a direct estimation of the size and mobility of the polar nanoregions (PNRs). The compressive strain reduces
the transition temperature to 125 K and enhances the corresponding permittivity up to ε′ ≈ 1500 for the thinnest
film. Since the strain relaxes with increasing film thickness, both effects, reduction of phase transition temperature
and enhancement of ε′, depend on the thickness of the film. The films show a characteristic frequency and electric
field dependence of ε′, which is discussed in terms of the Vogel-Fulcher equation and Rayleigh law, respectively.
Using the electric field dependence of the resulting freezing temperature TVF, allows a direct estimation of the
volume of the PNRs at the freezing temperature, i.e. from 70 to 270 nm3. Assuming an idealized spherical shape
of the PNRs, diameters of a few nanometers (5.2–8 nm) are determined that depend on the applied ac electric
field. The irreversible part of the polarization seems to be dominated by the presence and mobility of the PNRs. It
shows a characteristic peak at low temperature around TVF, vanishes at a temperature where the activation energy
of the PRNs extrapolates to zero, and shows a frequency dispersion that is characteristic for relaxor-type behavior.
DOI: 10.1103/PhysRevB.93.224107
I. INTRODUCTION
Relaxor-type ferroelectrics recently attracted considerable
scientific interest owing to their intriguing physics and their
potentially high permittivity and tunability, resulting in a
number of potential applications [1]. Generally relaxor-type
ferroelectrics are characterized by their frequency-dependent
and broad peak in the temperature dependence of the permit-
tivity that is believed to be based on the formation of regions of
uniform polarization, the so-called polar nanoregions (PNRs)
[2]. In classical relaxor-type ferroelectrics, such as lanthanum-
doped lead zirconate titanate (PLZT) or lead magnesium
niobate (PMN), it is assumed that secondary phases or
inhomogeneities (chemical or structural) might be responsible
for the formation of the PNRs [3–6]. As a consequence, the
size of the PNRs is usually assumed to be associated with
the extension of these secondary phases or inhomogeneities.
The existence of both the polar cluster and the matrix into
which the polar clusters are embedded in the relaxor-type state
was demonstrated, for instance, by neutron scattering, nuclear
magnetic resonance (NMR), and x-ray diffraction experiments
[5,7–10]. Whereas, for the interaction of the PNRs, two major
models are accepted [6,11], i.e. a dipole-glass model [12–16]
and a random-field model [17,18], the size of the PNR is still
discussed controversially.
Direct observation of the local polarization using
piezoresponse-force microscopy (PFM) suggests rather ex-
tended regions of uniform polarization of up to a few hundred
nanometers in diameter [19]; neutron scattering measurements
indicate the length scale of the PNRs is several nanometers
[5,7]; and transmission electron microscope (TEM) images
show local variations of the structure and thus uniform
polarization of a size of 10 to 20 nm [6] or even only a few unit
cells [20] that could be associated with the PNRs. The latter
is supported by simulation [21]. However, PFM as well as
TEM observations are mainly restricted to surface properties,
whereas PNRs are expected to exist in the bulk, i.e. three-
dimensional (3D) polar clusters embedded in a dielectric or
ferroelectric matrix. Furthermore, all techniques refer to static
polarization, whereas in electronic (i.e. frequency-dependent)
measurements, the mobility of the PNRs plays a major role.
Therefore, a direct measurement of the size and mobility of
the PNRs would be desirable.
In this paper, we analyze the size and mobility of PNRs
in compressively strained NaNbO3 thin films. Generally,
NaNbO3-based materials have attracted significant scientific
and technological interest due to their complexity of phase
transitions [22–24], excellent ferro-/piezoelectric properties,
and their highly interesting electric behavior [25]. Lately, it has
been shown that strain cannot only be used to very effectively
engineer ferroelectric properties (e.g. shift the transition
temperature and enhance the permittivity significantly), it can
also result in prominent relaxor behavior of material that shows
classical ferroelectric behaviors in the unstrained state [26,27].
Most likely, the strain leads to a minute deviation from the
perfect stoichiometry, resulting in the formation of PNRs
[28]. Recently, we demonstrated that NaNbO3 epitaxially
grown on lattice-mismatched substrate shows such a behavior
[25,29]. Here, we discuss the impact of strain relaxation on
the ferroelectric properties by analyzing films of different
thickness and investigating the frequency and electric field (ac
and dc) dependence of the permittivity. Via our experiments,
we are able to directly evaluate the size of the PNRs from our
electronic measurements and demonstrate that PNRs signifi-
cantly attribute to irreversible contribution to the permittivity.
II. SAMPLE PREPARATION AND EXPERIMENTAL
TECHNIQUES
NaNbO3 films are deposited via liquid-delivery spin metal-
organic chemical vapor deposition (MOCVD) at a tempera-
ture of 700 ◦C on (110) oriented single-crystalline NdGaO3
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FIG. 1. High-resolution x-ray diffraction RSM in the vicinity of the (444)o Bragg reflection of the NdGaO3 substrate for (a) 11-, (b) 27-, (c)
63-, (d) 80-, and (e) 140-nm-thick samples. The circle in (e) marks the position of the corresponding (402)pc reflection of unstrained NaNbO3.
substrates. The NdGaO3 substrates are slightly off-oriented
(0.1◦) and annealed in pure oxygen flow at 1050 ◦C for 1 h.
This generates a regular step-and-terrace surface structure with
NdO surface termination [30] and promotes step flow growth
of the NaNbO3 film. A detailed description of the MOCVD
deposition technique and the deposition parameters are given
in Ref. [31].
From the orthorhombic lattice parameters of bulk NaNbO3,
the corresponding pseudocubic values according to Vailionis
et al. [32] are apc = 3.881 ˚A, bpc = cpc = 3.915 ˚A, and α =
89.33◦. The substrate’s surface, (110) NaGaO3, exhibits a
nearly squared in-plane lattice with lattice parameters of
2 × 3.863 and 2 × 3.854 ˚A in [110]o and [001]o direction,
respectively. In the further course of this paper, we will use the
index pc for the pseudocubic system of the film, respectively,
while the index o refers to the orthorhombic lattice of the
NdGaO3 substrate. The most probable film orientation can
be estimated by considering the elastic strain energy density
in the films incorporated by the epitaxial growth of NaNbO3
on the lattice mismatched NdGaO3 substrate. Two different
main film orientations, (100)pc and (001)pc, as well as a 90◦
rotated in-plane variant for (001)pc-oriented films have to be
considered, resulting in three different configurations. The
lowest elastic strain energy density is obtained for (001)pc
surface orientation of the film and the in-plane epitaxial
relationship [010]pc ‖ [110]o and [100]pc ‖ [001]o. Thus, we
expect that the films grow with (001)pc surface orientation
under compressive in-plane strain with resulting nominal
lattice mismatches of 1.35 and 0.70% in [110]o and [001]o,
respectively.
The structural properties of the NaNbO3 films are analyzed
via high-resolution x-ray diffraction experiments [31]. Recip-
rocal space maps (RSMs) in the vicinity of the asymmetric
(444)o Bragg reflection of the orthorhombic NdGaO3 substrate
on NaNbO3 films of different thicknesses are shown in Fig. 1.
All RSM patterns prove the epitaxial growth of the films, i.e.
the in-plane component of the scattering vectors of the (444)o
Bragg reflection Q‖ of NdGaO3 and of the main intensity of
the (402)pc Bragg reflection of the NaNbO3 films coincide.
However, for the 27-nm-thick film, the (402)pc reflection
peak of the film broadens asymmetrically to the left side
[Fig. 1(b)], and with further increasing film thickness, the
film contribution expands towards lower Q‖ values, i.e. larger
in-plane lattice parameters [Figs. 1(c)–1(e)]. This is clearly
noticeable for the 140 nm film in Fig. 1(e), where the film
reflection peak spreads towards the corresponding reciprocal
lattice point of unstrained NaNbO3 marked by the white circle.
This observation is an indication for a partial plastic relaxation
of the strained lattice of the film. This process starts at a critical
thickness of 15–20 nm [31] and becomes more prominent with
increasing thickness. Nevertheless, even for the thickest film
(140 nm), the main intensity of the (402)pc reflection of the film
is still at Q‖ of the substrates; however, noticeable intensity
is detected nearby the value of unstrained NaNbO3, which is
marked by a circle in Fig. 1(e).
For the investigation of the in-plane dielectric proper-
ties of the NaNbO3 films, planar capacitors based on in-
terdigitated electrodes (IDE) are employed. The IDEs are
prepared via liftoff lithography technique and deposition of
a thin (30 nm) Pt layer [27]. Since we do not consider
the anisotropy of the lattice strain of the two orthogonal
in-plane directions (for this see Ref. [29]) in this paper,
only IDEs for the electric field oriented along the crystal-
lographic direction with the smaller lattice parameter are
considered, i.e. E ‖ [001]NdGaO3 ‖ [100]NaNbO3. It should
be noted that the results of the other crystallographic direction
(E ‖ [110]NdGaO3 ‖ [010]NaNbO3) are qualitatively identi-
cal. The ferroelectric properties are analyzed as function of
temperature (20 to 400 K), frequency (20 Hz to 2 MHz), ac
electric field (0.2 to 5 V), and dc bias (−5 to 5 V). The in-plane
real part of the dielectric constant ε′ of the NaNbO3 films is
calculated using the partial capacitance model [33–35].
III. EXPERIMENTAL RESULTS AND DISCUSSION
Generally, the temperature dependence of the permittivity
ε′ of the compressively strained NaNbO3 films (Fig. 2) shows a
distinct and broad peak at low temperature, which is indicative
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FIG. 2. Temperature dependence of the permittivity of NaNbO3
films of different thicknesses that are epitaxially grown on (110)
NdGaO3. The data are recorded at 1 MHz using a small ac amplitude
of Eac = 0.048 V μm−1 and zero dc bias (Edc = 0). The dash line
represents the level of the dielectric constant of unstrained NaNbO3
bulk material [36]. The inset shows the maximum dielectric constant
ε′max (blue squares) and the corresponding temperature Tmax (red
circles) as function of film thickness.
of a phase transition from a relaxor-type ferroelectric at
low temperature to the dielectric state at high temperature
[25,29]. The temperature of maximum permittivity Tmax can
be used as a first approximation of the temperature of the
phase transition from the ferroelectric-to-dielectric phase
transition. The compressive strain induced by the lattice
parameter mismatch between the epitaxially grown film and
the substrate leads to (i) a reduction of the temperature of
maximum permittivity from that of unstrained bulk NaNbO3
at Tmax ≈ 628 K [36] to temperatures of Tmax = 125−147 K
for the films of thicknesses ranging from 27 to 80 nm, and
(ii) an enhancement of the permittivity up to 1500 at Tmax
in comparison to ε′(T < 400 K) ≈ 500 of unstrained bulk
material [36]. However, both effects strongly depend on the
thickness of the NaNbO3 film (see inset of Fig. 2). With in-
creasing thickness, the maximum permittivity ε′max decreases,
whereas Tmax increases. Both effects can be explained by
the partial relaxation of the lattice strain in the film that
was demonstrated by RSM measurements (see Fig. 1). The
largest strain is present in the thinnest film, which possesses
the lowest Tmax ≈ 125 K and the largest ε′max ≈ 1500. With
increasing thickness, partial plastic lattice relaxation sets in.
As a consequence, the reduction of transition temperature
becomes smaller, i.e. Tmax increases. Moreover, the distribution
of the strain (i.e. completely strained bottom layer relaxes
toward the film surface) increases with increasing thickness.
This leads to a broadening of the peak and thus a decrease
of ε′max with increasing thickness. Already at a thickness of
80 nm, the strain leads only to a relatively small enhancement
of the permittivity of ε′max ≈ 650. This is not only caused by the
progressive relaxation of the film, it is additionally enforced
by the arrangement of the measurement. The planar set of
IDEs predominantly records the permittivity of the top layer
of the film, which represents the more relaxed part of the film.
Therefore, and because the features that are discussed below
are more pronounced for the thinner films, we will restrict our
discussion to the measurement of the films with thickness of
27 nm and 63 nm, respectively.
Particularly the impact of the frequency and the electric field
on the permittivity provides further insight to the ferroelectric
properties of the strained films. Figure 3 summarizes the
electric field dependence of the permittivity for the 27 and
63 nm thick NaNbO3 films. It shows the change of the
FIG. 3. Temperature dependence of the electric field-induced modification of the permittivity with respect to the data shown in Fig. 2 for
the (a) 27- and (b) 63-nm-thick NaNbO3 films, where ε′ is defined as ε′ = ε′(Eac,Edc) − ε′(Eac = 0.048 V μm−1,Edc = 0). For curves 1–5
(red solid symbols), the dc bias is varied from Edc = 0.2 to 1 V μm−1 in steps of 0.2 V μm−1, and the ac field is kept at the minimum value of
Eac = 0.048 V μm−1; while for curves 6–10 (blue open symbols), the ac field amplitude is increased in steps of 0.2 V μm−1 from Eac = 0.2 to
1 V μm−1 with Edc = 0. The frequency is 1 MHz for all measurements; the arrows indicate the direction of increasing electric field.
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FIG. 4. Typical examples for (a) the frequency-dependent measurement of the permittivity (the position Tmax is marked by blue triangles)
and (b) the resulting Vogel-Fulcher fits (dash lines) based on Eq. (1) with fo = 4 GHz for different electric field configurations for the 27 nm
(solid symbols) and 63 nm (open symbols) thick films. The electric field values and thickness of the films are given in the figure.
permittivity ε′ with respect to the data recorded for the
smallest electric field (Edc = 0 and Eac = 0.048 V μm−1)
that are shown in Fig. 2. The impact of a dc bias is
given in curves 1–5, which are measured for dc voltage
of 1 to 5 V, respectively. In the paraelectric regime (i.e.
the temperature regime close to the dielectric-to-ferroelectric
transition temperature), a significant dc bias-dependent re-
duction of ε′ is observed. The peak position hardly depends
on the applied dc field. The paraelectric regime extends
from approximately 25 to 250 K with a maximum tunability
n = ε′/ε′ for only 5 V (equivalent to 1 V μm−1) of n ≈ 7%
and n ≈ 3.8% for the 27- and 63-nm-thick samples, respec-
tively. This dc bias dependence agrees with that of classical
ferroelectrics [37].
In contrast, an increase of the ac electric field leads to
a pronounced increase of the permittivity in the paraelectric
regime (see curves 6–10 in Fig. 3). Although the electric field
strengths are identical to that of the dc bias (i.e. a maximum
electric field of 1 V μm−1 is applied in both cases) the impact
of the ac field is several times (∼6) larger than that of the dc
bias. Furthermore, the position of the peak in the ε′ versus T
plot depends on the ac field. Let us first discuss this behavior in
the context of the frequency dependence of the permittivity. A
detailed discussion of the ac field dependence will follow later.
Generally, the frequency dependence of the permittivity
can serve as a fingerprint for relaxor-type ferroelectrics. In
previous papers [25,29], we demonstrated that our compres-
sively strained NaNbO3 represents a relaxor-type ferroelectric.
This is evident from the frequency-dependent shift of Tmax
according to the Vogel-Fulcher equation [38]
f = fo exp
[
− Ea
kB(Tmax − TVF)
]
, (1)
with activation energy Ea , Vogel-Fulcher freezing temperature
TVF, which characterizes the temperature at which the PNRs
start to freeze, i.e. become immobile, attempt frequency f0,
and Boltzmann constant kB. Performing frequency-dependent
measurements of Tmax(f ) in the frequency regime of 100 Hz
to 1.5 MHz [see example in Fig. 4(a)], it can be demonstrated
that both films show typical relaxor-type behavior in agreement
with Eq. (1). By inserting a reasonable value fo = 4 GHz for
the attempt frequency, we can extract the activation energy Ea
and the freezing temperature TVF from the resulting Vogel-
Fulcher fit. The first one describes the energy necessary for
the reorientation of the polarization of the PNRs; the latter one
characterizes the temperature at which the PNRs start to freeze,
i.e. become immobile. Figure 4(b) exemplifies the Vogel-
Fulcher analyses according to a logarithmic transformation
of Eq. (1) based on measurements performed at various
frequencies [Fig. 4(a)] and different electric field conditions
for both NaNbO3 thin films. The dash lines represent linear
fits according to Eq. (1) and are used to evaluate Ea and TVF.
The resulting electric field dependence of the freezing
temperature TVF [Fig. 5(a)] and temperature dependences of
the activation energy [Fig. 5(b)] reveal a number of important
information on the PNRs:
(1) First, TVF hardly depends on the dc bias. For classical
relaxor ferroelectrics, different field dependences have been
reported. For instance, a small decrease of TVF of about 4 K
is reported for (Mg,Nb), doped lead titanate, whereas a small
decrease of ∼3 K followed by a significant increase of TVF is
reported for PMN for the dc field regime of 0 to 1 V μV−1
[39,40]. However, generally, the dc field dependence of the
freezing temperature is expected to be small. Therefore, it can
be assumed that the size of the PNRs that contribute to the
permittivity is only slightly affected by the dc field at this
regime for our system.
(2) Second, however, a significant decrease of TVF is ob-
served for increasing ac amplitudes. The freezing temperature
decreases by 21 and 26 K for the 63- and 27-nm-thick films,
respectively, if the ac field amplitude is changed from 0.2 to
1 V μm−1. We will use this field dependence of TVF below to
estimate the size of the PNRs that are active (i.e. still mobile)
at the freezing temperature.
(3) Third, the magnitude of the activation energy agrees
with the expected values for relaxor ferroelectrics [28,41].
Moreover, Ea decreases with temperature [Fig. 5(b)] in a linear
way to zero at about 170 K. Below (see discussion of Fig. 8), we
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FIG. 5. (a) Freezing temperature as a function of dc (red circles) and ac (blue triangles) electric field and (b) temperature dependence of
the activation energy for NaNbO3 thin films with a thickness of 27 nm (solid symbols) and 63 nm (open symbols). Both parameters TVF and
Ea are obtained from the Vogel-Fulcher fit [Eq. (1)] as shown in Fig. 4 and using an attempt frequency of 4 GHz.
will show that, at this temperature, the irreversible contribution
to the permittivity actually vanishes.
Let us first discuss the ac field dependence of the freezing
temperature shown in Fig. 5(a). This dependence actually
allows us to estimate the size of the active PNRs that con-
tributes to permittivity at the freezing temperature. Comparing
the change of the total energy per volume Ue = ε′(E)2/2
stored by an ac electric field E in a dielectric material with the
change of the thermal energy of a PNR with a volume VPNR
we obtain
VPNR(TVF) = 2 · k · TVF
ε0 · ε′(TVF) · (E)2
. (2)
Inserting experimental values for TVF and E from Fig. 5
and an estimation for the permittivity of the PNRs by using
ε′(TVF) from Fig. 2, we obtain very similar values for the
volume of the PNRs for both samples, i.e. from approximately
70 to 270 nm3, which however depend on the applied ac field
amplitude (see Fig. 6). Fu et al. reported that the PNR starts to
transform its shape from spherical into elliptical at TVF [6]. In
order to estimate the diameter of the PNR, we assume that these
PNRs are still spherical at TVF in our samples. In this case, the
resulting diameter of the PNRs would decrease with increasing
ac field from ∼8 nm at 0.2 V μm−1 to ∼5.2 nm at 1 V mm−1
for both samples. The value is smaller than that reported
for PFM experiments [19], however, very similar to that
measured by neutron scattering [5,7] and TEM [6]. However,
it should be noted that, in contrast to the microscopic data, our
electronic analysis characterizes the size of the electronically
active PNRs inside the ferroelectric matrix and at the freezing
temperature. Furthermore, the microscopic observations refer
to classical relaxor ferroelectrics, whereas our measurements
are performed on strain-induced oxide thin film relaxors.
The ac electric field dependence of the PNR’s size in
Fig. 6 is very striking. It could be a result of the assumptions
and simplifications that were used. For instance, (i) for the
permittivity of the PNRs, the permittivity of the sample itself
(reversible and irreversible contribution) is used, (ii) the impact
of pinning on the PNRs (e.g. their polarization) is neglected,
and (iii) all values represent averaged values for the size and
form of the PNRs, a distribution of the PNR’s size is not
unlikely [42]. Nevertheless, the ac field-dependent size of the
PNRs might be reasonable, since a larger driving force will
lead to enhanced repolarization of the PNRs that could cause
a reduction of the effective size of the polar clusters.
FIG. 6. Volume of PNRs that are mobile (i.e. attributing to the
permittivity) at the freezing temperature as a function of applied
ac electric field. The diameter is obtained via Eq. (2) assuming
an idealized spherical shape for the PNRs and using the data for
TVF(Eac) and ε′(TVF) given in Figs. 5 and 2, respectively.
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FIG. 7. Permittivity as function of the ac electric field measured at 1 MHz and different temperatures for the (a) 27- and (b) 63-nm-thick
NaNbO3 films, respectively. The lines represent linear fits of the data according to Eq. (3).
Finally, the contribution of the PNR to the permittivity
is discussed. Figure 7 shows a set of ac field-dependent
measurements of the permittivity at 1 MHz in detail. Sim-
ilar measurements are performed for other frequencies. All
samples exhibit a linear dependence of ε′ versus Eac for all
temperatures and frequencies, which is a characteristic feature
of hard ferroelectrics and can be described by the Rayleigh
law [43]
ε′ = ε′init + αEac, (3)
where ε′init represents the initial (reversible) permittivity at
zero electric field and α the Rayleigh coefficient that describes
the irreversible properties of the polarization. In classical
ferroelectrics ε′init represents contribution to the permittivity
arising from the intrinsic lattice polarization and the reversible
domain wall motions, whereas α is caused by pinning of
the ferroelectric domain wall at defects [44]. In relaxor-type
ferroelectrics, also the PNRs can attribute to the irreversible
properties, and thus to the Rayleigh coefficient α [21,45].
Furthermore, it is known that the mobility of PNRs not only
depends on the temperature, but also on the applied electric
field.
For all temperatures and frequencies, the permittivity data
in Fig. 7 show a linear behavior and can be fitted by Eq. (3).
The resulting values for ε′init and α (Fig. 8) show a number of
interesting features:
(1) Obviously, the initial (reversible) permittivity ε′init
represents the permittivity expected for zero electric field. The
values are slightly smaller than the experimental data obtained
for finite electric fields; the temperature dependence is very
similar to the one obtained for small ac fields (see Fig. 2).
(2) The Rayleigh coefficient α displays a revealing temper-
ature dependence; it characterizes the irreversible contribution
of domain walls and especially PNRs. It shows a pronounced
peak at low temperature, i.e. close to the freezing temperature
TVF, and tends to zero at high temperature. This behavior is
dominated by the presence and mobility of the PNRs [21,45].
At high temperatures, no PNRs are present. Therefore, the
FIG. 8. (a) Initial permittivity and (b) Rayleigh parameter as a function of temperature for the NaNbO3 thin films with different thicknesses,
27 nm (open symbols) and 63 nm (solid symbols), measured at frequencies 15 kHz (triangle), 150 kHz (inverted triangle), and 1 MHz
(circle). The dashed lines mark the regime of freezing temperature for Eac = 1 V μm−1 (lower temperature) and Eac = 0.048 V μm−1 (higher
temperature). The solid arrows indicate the direction of increasing frequency; the dashed arrow in (b) marks the temperature at which the
activation energy extrapolates to zero (see Fig. 5).
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permittivity is constant, i.e. α ≈ 0. With the transition to
the relaxor state, PNRs start to form. The existence and the
pinning of the PNRs lead to a field-dependent permittivity,
i.e. α > 0. With decreasing temperature, the size of the
PNRs increases [7,46], and as a consequence α increases.
However, at the freezing temperature, the PNRs start to
become immobile; therefore, α decreases below the freezing
temperature. Especially for the thinnest sample (d = 27 nm)
with the largest strain, this behavior is very pronounced
(see Fig. 8, black curves). Above T ≈ 170 K, the Rayleigh
coefficient is α ≈ 0 (i.e. no PNRs are present); only below
T ≈ 170 K, values α > 0 are observed (PNRs are present). It
should be noted that this temperature actually nicely agrees
with the expected vanishing of the activation energy Ea for
PNRs obtained by the linear extrapolation in Fig. 5(b). Finally,
a pronounced peak at low temperature shows a maximum
slightly below TVF. The thicker sample (63 nm) shows a similar
behavior. However, due to a larger impact of domain wall
pinning that has to be expected for thicker samples, the onset
of the peak at high temperature is not that sharp as observed
for the thinner sample.
(3) Additional important information is given by the
frequency dispersion of the data obtained for α and ε′init in
the peak regime (see measurements for different frequencies
in Fig. 8). The peak position of α(T ) and ε′init is shifted to
lower temperatures with decreasing frequency. Similar to the
frequency dispersion of the permittivity, it clearly indicates,
that the peak in α shows a relaxor behavior. Therefore, the
reversible and also the irreversible permittivity seem to be
strongly affected by the properties of the PNRs in these
relaxor-type ferroelectrics.
IV. CONCLUSIONS
In conclusion, we have demonstrated that compressively
strained NaNbO3 films of different thicknesses that are
epitaxially grown on (110) NdGaO3 substrates via MOCVD
technique exhibit typical relaxor-type behaviors, i.e. a broad
and frequency-dispersive peak in the ε′ versus T curves. The
compressive in-plane strain induced by the mismatch between
film and substrate leads to a shift of the phase transition
temperature from 628 K for unstrained bulk NaNbO3 to
125–144 K and an enhancement of the permittivity from
ε′ < 500 to ε′ up to 1500 for the strained films, respectively.
Both transition temperature and permittivity strongly depend
on the thickness of the film. Thinner films possess a larger
strain; with increasing thickness, relaxation sets in, which
leads to a small increase of the transition temperature and
a smaller enhancement of the permittivity at temperatures
around the transition. The broadness of the transition peak and
its frequency dispersion are clear indications for relaxor-type
ferroelectricity. This relaxor-type behavior was examined
in detail via electric field-dependent measurements of the
permittivity. A small dc tunability in the form of a reduction
of the permittivity of n(1 V μm−1) < 7% is visible in the
paraelectric regime, whereas a large enhancement of the
permittivity is observed if the ac field used for the measurement
of the permittivity is enhanced from 0.2 to 1 V μm−1. This
ac field dependence reveals a lot of interesting information.
First, from its frequency dispersion, we can extract the ac field
dependence of the freezing temperature TVF and estimations
of the size of the active PNRs at the freezing temperature.
According to our model, the volume of PNR varies from 70
to 270 nm3, the resulting estimated diameter of the PNR at
the freezing temperature ranges from ∼5.2 to ∼8 nm for large
and small fields, respectively. These values are in agreement
with literature values reported for neutron scattering experi-
ments [5,7] and TEM measurement [6] for classical relaxor
ferroelectrics. The field dependence might be explained by
the size reduction caused by increasing repolarization forces.
Second, the activation energy Ea of the PNRs is of the order of
10–20 meV at the freezing temperature. It decreases linearly
with temperature to zero at 170–180 K, the temperature at
which the irreversible contribution to the permittivity vanishes.
Third, all samples show a linear ac response at all temperatures
and frequencies, which is interpreted via Rayleigh law. The
intrinsic or reversible polarization ε′init shows a temperature
dependence similar to that measured at small ac fields.
However, the irreversible Rayleigh coefficient α is zero at
high temperature, which is in agreement with the prediction of
a zero activation energy, and shows a pronounced peak with
a maximum slightly below TVF. The position, broadness, and
frequency dispersion of this peak present good indications
that PNRs also play an important role in the irreversible
contribution to the permittivity. In conclusion, not only the
possibility to engineer the ferroelectric properties via strain,
but also the prominent relaxor properties of the strained
NaNbO3 films represent interesting opportunities for basic
research and understanding as well as possible applications
of this type of ferroelectrics.
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